True atomic resolution of conductors and insulators is now routinely obtained in vacuum by frequency modulation atomic Ž force microscopy. So far, the imaging parameters i.e., eigenfrequency, stiffness and oscillation amplitude of the cantilever, . frequency shift which result in optimal spatial resolution for a given cantilever and sample have been found empirically. Here, we calculate the optimal set of parameters from first principles as a function of the tip-sample system. The result shows that the either the acquisition rate or the signal-to-noise ratio could be increased by up to two orders of magnitude by using stiffer cantilevers and smaller amplitudes than are in use today. q
Introduction
Although Binnig, Quate and Gerber anticipated Ž . that the atomic force microscope AFM they inw x vented in 1985 1 would ultimately achieve true atomic resolution in vacuum, it took almost 10 years Ž . Ž . w x before the Si 111 -7 = 7 reconstruction 2-7 and w x w x other conducting 8 and insulating surfaces 9,10 were imaged with atomic resolution by AFM. Fre-Ž . quency modulation FM AFM, originally invented w x by Albrecht et al. in 1991 11 for magnetic force ) Corresponding author. Tel.: q49-821-598-3675; Fax: q49-821-598-3652; E-mail: franz.giessibl@physik.uni-augsburg.de microscopy, is the method which was used in the first demonstration of true atomic resolution in vacuum and is now common practice in vacuum AFM.
Ž . In this technique, a cantilever CL with spring constant k and eigenfrequency f is subject to posi- we use here include exponential and inverse-power laws.
Calculation of vertical noise
Since the imaging signal in FM-AFM is a frequency shift D f, the best signal-to-noise ratio is Ž . 
have calculated the thermodynamic lower limit of the frequency noise
where k is the Boltzmann constant, T the absolute B temperature, B the detection bandwidth and Q the 0 w x quality factor of the CL 11 . The detection bandwidth B determines the imaging speed. If a section with a width of 100 atoms is to be imaged at an imaging speed of three lines per second, B needs to be at least 2 = 100 = 3rs s 600 Hz.
There is also a contribution to frequency noise
which depends on the quality of the instrumental frequency detector. Since these noise sources are uncorrelated, the total frequency noise is given by 2 2 Since the noise contributions in z-direction are statistically independent, the total z-noise is:
Since amplitude-and mechanical noise are negligible, in the following, we only consider the noise contribution from frequency noise.
Calculation of the deriÕatiÕe of the frequency shift

Frequency shift for inÕerse-power forces
For tip-sample forces given by
ts n q where C is a constant and q is the distance between the center of the front atom of the tip and the plane defined by the centers of the surface atoms, the w x frequency shift D f s f y f is given by Ref. 16 : by: 
The variation of the frequency shift with distance is given by the derivative:
Ž .
Frequency shift for exponential forces
For exponential forces the error of the all-amplitude approximation is 7%, 2%, 4% and 90% for exponential forces and inverse-power forces ns13, 7 and 1, respectively. A precise formula for ns1 is given in H. w x Holscher et al. 18 . with the derivative with a 'safety factor' s ) 1.
Effect of nonconserÕatiÕe V t s
The tip-sample potential has so far been treated w x as nondissipative. However, Erlandsson et al. 4 , w x w x Bammerlin et al. 10 , Sugawara et al. 14 , Guethner w x 5 and others have found significant damping of the CL when it oscillates close to the surface. A general model in analogy to friction is that the dissipative force component is given by
The parameter r determines the type of 'friction': r s 0 corresponds to velocity-independent friction, r s 1 is commonly used for treating damped oscillators and r s 2 describes friction in fluids. Unfortunately, little is known about the nature of the dissipation process in FM-AFM. For the simplest case r s 0, the energy loss per oscillation cycle D E is ts given by: Fig. 2 . Calculated noise in sample topography perpendicular to . surface as a function of amplitude for exponential and inversepower force models. 
The negative effect of dissipation on the Q factor is partially compensated with using large amplitudes. w x Bammerlin et al. 10 have measured the dissipation for a silicon tip interacting with potassium chloride. Analysis of their data yields m f 0.05.
Results and conclusion
The z-noise is thus given by 2 3r2
Ž . for exponential forces. In both cases, the noise is proportional to 1rF max , i.e., the greater the maxits mum attractive force, the easier it is to obtain true atomic resolution. Also, the noise is proportional to 1r f , i.e., the higher the frequency, the lower the Ž . The stiffness of the CL is calculated with Eq. 18 . Ž The safety factor s is set to 100 most authors use . s 4 1 see column 'kA ' in Table 1 . 3 . Calculated noise in sample topography as a function of amplitude for exponential and inverse-power force models with dissipation.
s Crq, the optimum is reached for A rd f 1. The 0 corresponding spring constant is k s 500 Nrm. For Ž forces with shorter ranges n s 7, 13 and exponen-. tial , the lowest noise is obtained for even smaller amplitudes. The corresponding optimal spring constants range up to 3000 Nrm. in bandwidth which would allow faster scanning.
By comparing Figs. 2 and 3 it is clear that dissipation is crucial for determining the optimal operating amplitude-zero dissipation would favor stiff cantilevers and strong dissipation requires large amplitudes and softer cantilevers. More work on the investigation of the dissipation process between tip and sample needs to be done for improving the performance of FM-atomic force microscopy. Also, Ž . Ž . Eqs. 23 and 24 suggest that using CLs with higher f results in less noise. However, if the 0 dissipative part of the tip-sample force depends on Ž the relative velocity between tip and sample r G 1 Ž .. in Eq. 19 , using CLs with higher frequencies might result in poorer resolution, since the dissipated energy will be proportional to f . 0
